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Nitric oxide enhances paracellular permeability of opossum solute transport in the proximal tubule is not yet clear
kidney cells. [1], it is known that the paracellular pathway of the
Background. Nitric oxide (NO) has been shown to be a proximal tubule is unusually leaky compared with otherparacrine/autocrine regulator of proximal tubular transport. In
epithelial tissues [3–5]. This unusual leakiness could po-this study, we investigated the effect of NO on the paracellular
tentially facilitate the flux of fluid and solutes across thepermeability of opossum kidney (OK) cells, a proximal tubule
cell line that possesses a leaky paracellular pathway resembling tight junctions. Importantly, studies in our laboratory
that of the in vivo proximal tubule. and those of others suggest that the paracellular trans-
Methods. Paracellular permeability of OK cells cultured on port in the proximal tubule is dynamically regulatedpermeable supports was measured as the apparent paracellular
[6–9]. Furthermore, a recent study by Kwon et al showedpermeability coefficient (Papp) for 3[H]-D-mannitol. Changes in
that the paracellular flux in the proximal tubule wascell viability, cellular adenosine triphosphate (ATP) content,
cGMP levels, and lipid peroxidation were assessed. substantially enhanced in human postischemic renal allo-
Results. Incubation with 2 mm sodium nitroprusside (SNP), grafts with sustained acute renal failure [10]. These stud-
an NO donor, for 24 hours significantly enhanced the Papp of ies suggest that the paracellular pathway may play anOK cell sheets by 30.6 6 7.0% (N 5 8, P , 0.05). This effect
important role in proximal tubular transport underwas largely blunted by hemoglobin, a NO scavenger. Cell via-
pathophysiological as well as physiological conditions.bility was not compromised. This effect of SNP was concomi-
tant with a moderate reduction of cellular ATP content, an Nitric oxide (NO) is an important biological molecule
increase in lipid peroxidation, and an increase in cellular cGMP with a wide variety of functions. It is synthesized from
levels. The antioxidant superoxide dismutase (SOD) signifi- l-arginine by NO synthase (NOS), including endothelialcantly attenuated the effect of SNP on cellular ATP content
NOS (eNOS), neuroneal NOS (nNOS), and inducibleand blunted the increase in Papp caused by SNP. A soluble
NOS (iNOS), in many tissues. It has been shown thatguanylate cyclase inhibitor did not affect the effect of SNP on
the Papp. the proximal tubule contains mRNAs encoding iNOS
Conclusions. NO enhances the paracellular permeability of [11] and perhaps eNOS [12], although no detection of
OK cells possibly via mechanisms involving decreases in cellu- the basal expression of NOS proteins in the proximallar ATP content.
tubule has been reported. The existence of iNOS mRNA
in the kidney, particularly in the proximal tubule, sug-
gests that a large amount of NO could be locally pro-In addition to the much studied transcellular pathway,
duced. The existence of NO in the renal cortex was alsothe fluid and solute transport across the proximal tubule
confirmed by microdialysis studies [13]. According to inepithelium can also take place via the paracellular path-
vivo microperfusion studies [14, 15], the direct effect ofway [1, 2]. The paracellular pathway of the proximal
sodium nitroprusside (SNP), an NO donor, on the fluidtubule, as that of other epithelial and endothelial tissues,
and solute transport in the proximal tubule appears tois gated by tight junctions located at the apical end of
be dose dependent: A lower dose (1 mm) stimulates thethe paracellular space. Although the quantitative impor-
proximal tubule reabsorption, whereas a higher dose (0.1tance of the paracellular pathway in the total fluid and
to 1.0 mm) inhibits the proximal tubule reabsorption. In
proximal tubule cell culture studies, NO (1 mm SNP or
cytokine-induced NO production) was shown to inhibitKey words: proximal tubule, transport, tight junctions, cytotoxicity,
antioxidants. Na1/H1 exchangers [16] and Na1,K1-ATPase activities
[17]; both are important components of the transcellularReceived for publication September 21, 1998
transport in the proximal tubule. However, it is notand in revised form December 11, 1999
Accepted for publication January 20, 1999 known whether and how NO affects the paracellular
transport in the proximal tubule. 1999 by the International Society of Nephrology
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The flux of fluid and solutes across the paracellular and HEPES 10, pH 7.4. Cell sheets on Transwell inserts
pathway is primarily a passive process of which the major were washed with the Na1-free medium. One-half millili-
intrinsic determinant is the paracellular permeability. ter and 1.5 ml of the Na1-free medium were then added
In previous studies, we characterized the paracellular to the apical chamber and basal chamber, respectively.
permeability of opossum kidney (OK) cells, a proximal One mCi/ml of 3[H]-D-mannitol was included in the api-
tubule cell line, cultured on permeable supports (ab- cal chamber that was thereafter designated as the donor
stract; Liang et al, FASEB J 12:A420, 1998). We found chamber, and the basal chamber was designated as the
that OK cell sheets possessed relatively high paracellular receiver chamber. After incubation for 10 minutes, dupli-
permeability similar to that of the in vivo proximal tubule cate samples were taken from the donor and the receiver
[18]. In this study, OK cell sheets cultured on permeable chambers, and the radioactivity was counted using a scin-
supports were used as an in vitro proximal tubule epithe- tillation counter (Beckman LS 6000SC; Beckman Instru-
lium model to investigate the effect of NO on the paracel- ments, Fullerton, CA, USA). The time of incubation was
lular permeability. We demonstrated that NO enhances confirmed in a preliminary study to be within the initial
the paracellular permeability of the OK proximal tubule linear range for 3[H]-D-mannitol flux. The Papp was then
cell line via mechanisms possibly involving decreases in calculated as Papp(cm/second) 5 [CR/CD/t(min)] 3
cellular adenosine triphosphate (ATP) content. VR(ml)/[A(cm2) 3 60], where CR was the final 3[H]-D-
mannitol concentration in the receiver chamber, CD was
the initial 3[H]-D-mannitol concentration in the donorMETHODS
chamber, t was the incubation time, VR was the volumeCell culture
of transport medium in the receiver chamber, and A was
Opossum kidney cells were originally obtained from the surface area of cell sheet that was 1 cm2 in our study.
the American Type Culture Collection (ATCC, Rockville, Papp calculated this way has the advantage of being inde-
MD, USA). The cell line was maintained in a 1:1 mixture pendent of the concentration gradient, time of measure-
of Dulbecco’s modified Eagle’s medium (DMEM) and ment, chamber volume, and surface area. All solutions
Ham’s F-12 nutrient mixture supplemented with 10% were prewarmed to 378C, and the incubation was per-
fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml formed in a 378C incubator.
streptomycin. Cells were incubated in 5% CO2/95% air All of the experiments were performed in parallel with
at 378C and were subcultured when they reached conflu- controls, and when the effects of various compounds
ence by incubation with 0.25% trypsin/0.02% ethylenedi- other than the NO donor were tested, treatment with
aminetetraacetic acid (EDTA). For paracellular trans- the NO donor alone was also performed in parallel as
port studies, confluent cells were trypsinized as described
“positive controls.” The results were expressed as per-
earlier in this article, and were seeded on the inserts
centages of the simultaneously performed controls. The(polyester, 0.4 mm pore size, 1 cm2 growth area) of the
control Papp of OK cell sheets for 3[H]-D-mannitol atpermeable Transwell supports. The paracellular perme-
378C was approximately 13.70 3 1026 cm/second.ability was assessed after it reached the stable level. OK
cells were used between passages 74 and 91. Adenosine triphosphate assay
The cellular ATP level was measured as previouslyApparent paracellular permeability coefficient
described [21] with minor modifications. After treat-(Papp) measurement
ments, cell sheets were quickly washed with ice-coldOpossum kidney cell sheets were previously deter-
PBSA [phosphate-buffered saline (PBS) without Ca21mined to have a transepithelial electrical resistance
and Mg21]. Cells were collected in distilled water. A(TER) at the level of 10 Vcm2 [19]. Because it has been
portion of the cell suspension was combined with a solu-pointed out that TER at such a low level might no longer
tion containing trichloroacetic acid (TCA) and EDTAbe reliable as a measurement of paracellular permeabil-
(final concentrations 2% and 2 mm, respectively). Theity [20], we chose Papp for 3[H]-D-mannitol as the mea-
mixture was briefly sonicated and centrifuged at 4000 3 gsurement of paracellular permeability in our study. D-
for five minutes. The supernatant was diluted in 0.1 mmannitol is a hydrophilic and neutral compound that
Tris Cl (pH 7.4) and 2 mm EDTA. An aliquot of thedoes not bind to or go across the cell membrane. Because
diluted sample was combined with the HEPES buffera potential influence of the transcellular transport on
(containing 25 mm HEPES, 10 mm MgCl2, and 0.02%Papp measurement was noticed in our previous studies
NaN3) and the luciferin-luciferase solution from an ATP(abstract; Liang et al, ibid), a Na1-free medium was
assay kit (Calbiochem, La Jolla, CA, USA). The lightused in the Papp measurement to minimize the potential
emitted was measured with a luminometer (TD-20/20;influence of transcellular transport. The Na1-free me-
Turner Designs, Sunnyvale, CA, USA). ATP-free aciddium contained (in mm) choline·Cl 112, KCl 3.5, KH2PO4
1, choline·HCO3 25, CaCl2 1.8, MgSO4 0.5, D-glucose 5, was used as a standard.
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Lipid peroxidation assay
Lipid peroxidation was assessed by measuring the thi-
obarbituric acid reaction substance (TBARS) as pre-
viously described [22]. After treatments, the cells were
washed twice with ice-cold PBSA and were collected in
distilled water. An aliquot of the sample was added to a
mixture of 8.1% sodium dodecyl sulfate, 0.8% 2-thio-
barbituric acid (TBA), and 20% acetic acid (2:15:15, vol/
vol/vol) and was boiled for 60 minutes. The solution
was cooled to room temperature and extracted with a
mixture of N-butanol and pyridine (15:1, vol/vol). The
organic portion was then read at 532 nm with a spectro-
photometer. Malonaldehyde bis[dimethyl acetal] was
used as standards.
Fig. 1. Sodium nitroprusside (SNP) time- and concentration-depen-Lactate dehydrogenase assay
dently enhanced the paracellular permeability coefficient (Papp) of opos-After treatments, the culture media in the apical and sum kidney (OK) cell sheets. OK cell sheets cultured on permeable
supports were incubated with culture medium alone (time 0) or withthe basal chambers were collected. The lactate dehydro-
culture medium containing SNP at the indicated concentrations for 1,genase (LDH) activity in the medium was measured by
2, 6, or 24 hours. The Papp for 3[H]-D-mannitol was measured as describedusing an LDH assay kit from Sigma Chemical Co. (St. in the Methods section. Symbols are: (d) SNP, 0.5 mm; (s) SNP, 2
mm; (.) SNP, 5 mm; (dashed line), reference line. N $ 6 for each timeLouis, MO, USA). The cell sheets were collected, briefly
point; *P , 0.05 m vs. culture medium alone (time 0).sonicated, and used for the total cellular LDH activity
measurement. The LDH released into the medium was
expressed as a percentage of the total cellular LDH ac-
tivity. Statistics
The data are shown as means 6 sem. The N valuesNO22 assay
that are shown represent the numbers of cell sheets di-NO22 accumulation in the culture medium was mea-
vided into several experiments with each one done insured with the Griess reaction. An aliquot of the sample
duplicate or triplicate. The unpaired t-test was used whenwas mixed with the Griess reagent containing 1% (wt/
comparing two groups. When comparing multiple groups,vol) sulfanilamide, 0.1% (wt/vol) naphthylethylenedia-
one-way analysis of variance was performed, followedmine di-HCl, and 5% (vol/vol) phosphoric acid (85%).
by Dunnett’s or Student-Newman-Keuls test. A P valueThe mixture was incubated at room temperature for 10
of less than 0.05 was considered significant.minutes and read at 570 nm with a microplate reader.
NaNO2 was used as standards.
RESULTScGMP assay
Effect of sodium nitroprusside on the Papp of opossumAfter the medium was removed, the cells were quickly
kidney cellswashed with ice-cold PBSA and collected in 10% TCA.
Sodium nitroprusside, which spontaneously releasesAfter brief sonication, the suspension was centrifuged
NO, was used as a NO donor in this study. Figure 1at 4000 3 g for five minutes. The supernatant was trans-
depicts the time- and concentration-dependent effect offerred to another tube. TCA in the supernatant was
SNP on the paracellular permeability of OK cell sheetsextracted with water-saturated ether. After acetylation,
cultured on permeable Transwell supports. At the con-the cGMP was measured using an enzyme immunoassay
centration of 0.5 mm, SNP did not significantly alter thekit (Cayman Chemical, Ann Arbor, MI, USA). The pro-
Papp of the OK cell sheets. The Papp was significantlytein concentration was measured with a Bio-Rad protein
enhanced by 20.6 6 5.8% after the cells were incubatedassay kit (Bradford method) using bovine serum albumin
with 2 mm SNP for 24 hours (N 5 6, P , 0.05 vs. control).as standards.
This was concomitant with the accumulation of NO22,
Materials one of the NO metabolites, in the culture medium, which
at the end of the incubation reached 38.50 6 1.33 mm in3[H]-D-mannitol was purchased from Sigma Chemical
the apical chamber and 34.77 6 0.80 mm in the basalCo. Permeable Transwell supports and other plastic cell
chamber (N 5 6). At 5 mm, SNP enhanced the Papp to aculture supplies were from the Corning Costar (Cam-
greater extent (increased by 38.3 6 6.8% after 24 hr ofbridge, MA, USA). The cell culture medium and other
reagents were from Sigma. incubation, N 5 6, P , 0.05 vs. control). Furthermore,
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Fig. 2. The enhancing effect of sodium nitroprusside (SNP) on the Papp Fig. 3. Incubation with 2 mM sodium nitroprusside (SNP) for 24 hourswas blunted by hemoglobin. Opossum kidney (OK) cell sheets cultured
did not increase the lactate dehydrogenase (LDH) release. Opossumon permeable supports were incubated with culture medium alone
kidney (OK) cell sheets were incubated with culture medium (control),(control, only the error bar is visible), culture medium containing 2 mm
culture medium containing 0.5 mm, 2 mm, or 5 mm SNP for 24 hours.SNP, or culture medium containing 2 mm SNP plus 3.2 mg/ml hemoglo-
Activities of LDH released into the apical and basal chambers werebin (Hb) for 24 hours. The Papp for 3[H]-D-mannitol was measured as measured, combined, and expressed as percentages of the total cellulardescribed in the Methods section. N 5 8; *P , 0.05 vs. control; #P ,
LDH activity (N 5 6; *P , 0.05 vs. control).0.05 vs. SNP alone.
Cell viability
the effect of 5 mm SNP was significant after a shorter The integrity of cell sheet is a prerequisite for mean-
ingful paracellular permeability measurements. Exces-incubation time (increased by 15.6 6 4.8% after six hr
sive NO has been shown in many cases to be cytotoxic.of incubation, N 5 6, P , 0.05 vs. control), which was
Therefore, it is critical to rule out the impairment of cellconcomitant with the accumulation of 26.16 6 0.89 mm
viability by SNP, which would compromise the cell sheetNO22 in the apical chamber.
integrity and result in false increases in paracellular per-Sodium nitroprusside, once dissolved in solution, re-
meability. This was achieved in this study by using two
leases other substances such as CN2 in addition to NO. approaches. First, the release of LDH from the cells into
Therefore, it is important to confirm that the observed the medium was measured as an indicator of cytotoxicity.
effect of SNP was mediated by NO. This was achieved As shown in Figure 3, incubation with either 0.5 mm or
in this study by testing the combined effect of SNP and 2 mm SNP for 24 hours did not change LDH release,
hemoglobin, a NO scavenger. As shown in Figure 2, whereas incubation with 5 mm SNP caused a significant
increase in LDH release from 4.17 6 0.37% to 8.29 6incubation with 2 mm SNP alone for 24 hours enhanced
0.90% (N 5 6, P , 0.05). This indicates that incubationthe Papp by 30.6 6 7.0% (N 5 8, P , 0.05 vs. control).
with either 0.5 mm or 2 mm SNP for 24 hours did notParallel coincubation with 2 mm SNP and 3.2 mg/ml
have significant cytotoxicity, whereas 5 mm SNP did.hemoglobin for 24 hours resulted in a Papp increase of Second, the increase of the Papp caused by incubation of11.1 6 5.0% (N 5 8, P , 0.05 vs. either SNP alone or 2 mm SNP for 24 hours was completely reversed within
control), which was 36% of that caused by SNP alone. 24 hours after returning the cell sheets to the culture
Hemoglobin (3.2 mg/ml) alone did not significantly affect medium without SNP (Fig. 4). In contrast, the Papp was
the Papp. The fact that hemoglobin did not completely unable to recover when the concentration of SNP was
abolish the effect of SNP might suggest possible roles of increased to 5 mm (Papp increased by 38.3 6 6.8% after 24
hr of treatment and 40.8 6 3.0% after 24 hr of recovery,other substances released from SNP. Although we are
N 5 6, both P , 0.05 vs. control). This is in agreementnot able to rule out this possibility completely based on
with the LDH release data and further supports that thethese data, it is worth mentioning that the NO scavenging
OK cell viability was not significantly compromised afterability of hemoglobin may not be sustained for the entire
24 hours of incubation with 2 mm SNP.
course of the relatively long incubation time involved in
this study. In any case, the enhancing effect of SNP Mechanisms for the enhancing effect of sodium
nitroprusside on the Papp of opossum kidney cellson the Papp was largely blunted by hemoglobin, which
indicated that at least the major component of this effect cGMP is one of the most common mediators of NO
effects. It is natural to speculate that cGMP might alsoof SNP was mediated by NO.
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Table 2. Effects of sodium nitroprusside (SNP) on paracellular
permeability, cellular adenosine triphosphate (ATP) content,
and lipid peroxidationa
Cellular
Papp (N $ 6) ATP (N 5 6) TBARS (N 5 6)
Treatment % of control
Control 100.061.4 100.0 67.0 100.0 611.7
SNP 0.5 mm 99.667.5 94.6 68.4 215.6636.7b
SNP 2 mm 120.064.8b,c 41.765.3b,c 400.7654.5b,c
SNP 5 mm 143.165.9b,c,d 16.562.3b,c,d 395.0623.3b,c
a Opossum kidney cell sheets were incubated with SNP at the indicated concen-
trations for 24 hours. The average absolute values of cellular ATP content and
thiobarbituric acid reaction substance (TBARS) for control group were 3.60
nmol/mg protein and 3.64 nmol/mg protein, respectively. Similar differences
between groups were observed when expressing these values as nmol/cell sheet.
b P , 0.05 vs. control
c P , 0.05 vs. SNP 0.5 mmFig. 4. The change of Papp caused by 2 mM sodium nitroprusside (SNP) d P , 0.05 vs. SNP 2 mmwas fully recovered within 24 hours. Opossum kidney (OK) cell sheets
were incubated with culture medium alone or culture medium con-
taining 2 mm SNP for 24 hours. The Papp was measured and shown as
“treatment.” The cell sheets were then returned to culture medium for
another 24 hours, and the Papp was measured again and shown as a “24- SNP (Table 1) makes it difficult to rule out the role ofhour recovery.” The first bar (only the error bar is visible) of each
group represents the control cells. The second bar of each group repre- cGMP completely.
sents cells treated with SNP (N 5 6; *P , 0.05 vs. control). It has been shown in several types of epithelial cells
that depletion of cellular ATP causes dramatic increases
in paracellular permeability. Therefore, we examined
whether SNP caused changes in the cellular ATP contentTable 1. Effect of sodium nitroprusside (SNP) on paracellular
permeability may not be mediated by cGMPa in OK cell sheets. As shown in Table 2, incubation with
0.5 mm SNP for 24 hours did not significantly alter eitherPapp Cellular cGMP
Treatment % of control, N 5 8 % of control, N 5 3 the Papp or the cellular ATP content. When the concentra-
tion of SNP was increased to 2 mm, the Papp significantlyControl 100.061.1 100.066.3
SNP 130.166.3b 209.069.9b increased by 20.0 6 4.8%. In the meantime, the cellular
SNP 1 ODQ 126.468.2b 150.764.6b,c ATP content was significantly decreased to 41.7 6 5.3%
a Opossum kidney cell sheets were incubated with 2mm SNP or 2 mm SNP 1 of control (N 5 6, P , 0.05 vs. either control or 0.530 mm ODQ for 24 hours. The average absolute value of cellular cGMP content
was 1.01 pmol/mg protein. Abbreviations are: cGMP, cyclic GMP; Papp, apparent mm). Increasing the SNP concentration to 5 mm further
paracellular permeability coefficient for 3[H]-D-mannitol; ODQ, 1H-[1,2,4] oxa- decreased the cellular ATP content to 16.5 6 2.3% ofdiazolo-[4,3-a]quinoxalin-1-one.
b P , 0.05 vs. control control (N 5 6, P , 0.05 vs. either control, 0.5 mm, or
c P , 0.05 vs. SNP alone 2 mm) and caused a significantly larger increase in the Papp
of 43.1 6 5.9%. Therefore, it appears that the increases in
Papp correlate with the decreases in cellular ATP content.
Table 2 also showed the changes in lipid peroxidationmediate the enhancing effect of NO on the Papp of OK
caused by SNP. SNP caused substantial increases in lipidcell sheets. This does not seem to be the case. As shown
peroxidation in OK cell sheets, an effect of excessivein Table 1, 24-hour incubation with 2 mm SNP did sig-
NO that has also been observed in many other cells andnificantly increase the cellular cGMP level to 209 6 9.9%
tissues. Different from the changes in Papp and cellularof control (N 5 3, P , 0.05 vs. control). When the
ATP content, the increase in lipid peroxidation was sig-increase of cGMP was significantly blunted by the coin-
nificant at a 0.5 mm concentration, whereas 5 mm didcubation with a selective soluble guanylate cyclase inhibi-
not cause a further increase in lipid peroxidation com-tor, 1H-[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ),
pared with 2 mm.at 30 mm, however, the increase in Papp was unaltered.
It is known that excessive NO can react with superox-An acute stimulation of OK cells by SNP for 10 minutes
ide anion (O22), lead to the formation of several toxiccaused a slightly greater increase in the cellular cGMP
free radicals, and cause oxidative injury in biologicallevel to approximately 2.5-fold of the control. At this
membranes and other targets. Indeed, these data didtime point, 30 mm ODQ completely abolished the in-
suggest the existence of oxidative challenges resultingcrease of cGMP caused by SNP. These data suggest that
from the SNP treatment. Therefore, in the next step, wecGMP is probably not the mediator of the enhancing
tested whether antioxidants could alter the effect of SNPeffect of SNP on the Papp of OK cell sheets. However, the
on the Papp of OK cell sheets. As shown in Figure 5A, bothfact that ODQ did not completely abolish the increase of
cellular cGMP level caused by 24-hour incubation with O22 scavenging enzyme superoxide dismutase (SOD; 300
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Fig. 5. Antioxidants blunted the enhancing effect of sodium nitroprus-
side (SNP) on the Papp of opossum kidney (OK) cell sheets. OK cell
sheets were incubated with culture medium alone (control, only the
error bar is visible), culture medium containing 2 mm SNP, 2 mm SNP
plus 300 U/ml superoxide dismutase (SOD), or 2 mm SNP plus 500 mg/
ml vitamin E for 24 hours. (A) Effect of SOD and vitamin E on the
increase of Papp caused by SNP (N 5 4 to 12). (B) Effect of SOD and
vitamin E on the reduction of cellular adenosine triphosphate (ATP)
content caused by SNP (N 5 6). (C) Effect of SOD and vitamin E on
the lipid peroxidation caused by SNP. TBARS is thiobarbituric acid
reaction substance. N 5 6; *P , 0.05 vs. control; #P , 0.05 vs. SNP
alone.
U/ml) and lipid soluble antioxidant vitamin E (500 mg/ the impact of the relatively long incubation time should
be kept in mind. There was a slight tendency for theml) significantly blunted the enhancing effect of SNP on
the Papp. The increase in Papp caused by 2 mm SNP (24- lipid peroxidation to decrease when SOD was present,
hr incubation) was attenuated by approximately 50% by but this did not reach statistical significance.
the coincubation with either SOD or vitamin E. The Papp
in the presence of SNP plus SOD or SNP plus vitamin
DISCUSSIONE was still significantly higher than control. In the mean-
In this study, we demonstrated that exogenous NOtime, SOD also significantly attenuated the reducing ef-
reduced the cellular ATP content and enhanced the par-fect of SNP on the cellular ATP content (Fig. 5B), raising
acellular permeability of OK proximal tubule cells. Anti-the cellular ATP content from 41.7 6 5.3% of control
oxidants ameliorated the decrease in cellular ATP and(N 5 6) to 62.0 6 6.4% of control (N 5 6, P , 0.05 vs.
blunted the increase in paracellular permeability.either control or SNP alone). Vitamin E also tended to
Nitric oxide has been shown to be involved in theattenuate the reducing effect of SNP on the cellular ATP
regulation of tight junctions, the structure controllingcontent. Although this effect of vitamin E did not reach
paracellular permeability, and actin cytoskeleton, thestatistical significance, the cellular ATP was in fact raised
structure closely related to tight junction regulation. Into an extent (58.9 6 7.4%) rather close to that caused
isolated rat hepatocyte couplets, the NO donor SNP wasby SOD (Fig. 5B). As expected, vitamin E, a lipid soluble
shown to potentiate the apical cytoskeleton contractionantioxidant, significantly attenuated the lipid peroxida-
and increase the tight junction permeability [23]. Intion caused by SNP (Fig. 5C), although it did not com-
pletely abolish the increase in lipid peroxidation. Again, Caco-2BBe intestinal epithelial cells, NO donors were
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shown to dilate tight junctions and deplete cellular ATP causes increases in tight junction permeability. In fact,
ATP depletion has been widely used as a maneuver to[21]. NO donors were also shown to potentiate the en-
hancing effect of H2O2 on the paracellular permeability investigate the regulation of tight junctions in numerous
studies [27–29]. In the ATP depletion model, the cellularof endothelial cells [24] and alter the cytoskeleton ar-
rangement in glomerular epithelial cells [25]. In this ATP content is usually rapidly decreased to less than 5
to 10% of the basal level. In our study, the cellular ATPstudy, we showed that the NO donor SNP significantly
enhanced the paracellular permeability of OK cell was reduced to approximately 40 (by 2 mm SNP) or 60%
(by SNP plus SOD or vitamin E) of control, and thissheets. As characterized in our previous study, this cell
line, commonly used as a proximal tubule cell line in moderate reduction of cellular ATP was accompanied
by significant increases in paracellular permeability. Thisgeneral, also possesses a leaky paracellular pathway re-
sembling that of the in vivo proximal tubule (abstract; is consistent with the study by Salzman et al, in which a
similar decrease of cellular ATP content in Caco-2BBeLiang et al, ibid) [18]. This effect of SNP on the paracellu-
lar permeability of OK cell sheets was mediated by NO cells was accompanied by significant increase in tight
junction permeability [21]. Several studies have shownreleased because it was largely blunted by the NO scav-
enger hemoglobin. The LDH measurements and the re- that NO inhibits enzymes in the tricarboxylic acid cycle
and the mitochondrial respiration chain, which are re-versibility study confirmed that the increase of paracellu-
lar permeability caused by SNP was not a false increase in quired for effective ATP production [30–32]. This could
explain the reduction of cellular ATP content by NOpermeability resulting from impairment of cell viability.
The increase in paracellular permeability of OK cell observed in this study.
In this study, the enhancing effect of SNP on the Pappsheets caused by NO was accompanied by several bio-
chemical alterations, including a reduction in cellular was observed only when SNP was given at mm concentra-
tions and when the incubation time was longer thanATP content, an increase in lipid peroxidation, and an
accumulation of cGMP. Of these changes, the reduction several hours. This suggests that the enhancing effect of
NO on the proximal tubule paracellular permeabilityin cellular ATP content appears to be the mechanism
for the enhancing effect of NO on the paracellular per- may exist only when there is prolonged overproduction
of NO. As mentioned earlier in this study, the kidney,meability. This is supported by several facts. First, the
dose-dependent increases in the Papp consistently corre- including the proximal tubule itself, contains iNOS
mRNA [11], which is capable of producing a large quan-lated with the dose-dependent decreases in cellular ATP
content (Table 2). Second, SOD significantly blunted tity of NO. In fact, iNOS activity and NO production in
the kidney have been shown to increase substantiallythe increase of Papp by NO, an effect accompanied by a
significant attenuation of the decrease of cellular ATP under a variety of conditions. These include hypoxia/
ischemia [26, 33], hypertension [34], anemia [35], in-content, but not accompanied by significant attenuation
of the increase of lipid peroxidation (Fig. 5). Third, vita- flammation [36, 37], stimulation with cytokines [38], stim-
ulation with atrial natriuretic factor or angiotensin IImin E blunted the increase of Papp to a similar degree as
SOD did, although it attenuated the lipid peroxidation [39], etc. Under these conditions, the NO production
was increased by several to more than 20-fold. Becauseto a much larger degree. Fourth, attenuating the cGMP
accumulation by ODQ did not blunt the increase of Papp. the basal renal cortical interstitial NO22 concentration
is at the mm level [13], the dose of NO used in this studyHowever, a closer inspection of the data revealed that
ODQ did not completely abolish the accumulation of (resulting in the accumulation of approximately 30 mm
NO22) is reasonably obtainable in in vivo kidneys whencGMP. Moreover, the blunting effects of vitamin E on
the increases of Papp and lipid peroxidation were statisti- iNOS is up-regulated.
The overproduction of NO in the kidney is thoughtcally significant, although its attenuating effect on cellu-
lar ATP reduction was not. Therefore, although the re- to be involved in diseases such as acute renal failure [40].
A study by Noiri et al showed that in vivo targetingduction of cellular ATP content is more likely to be the
mechanism for the enhancing effect of NO on the Papp, of iNOS with oligodeoxynucleotides protected the rat
kidney against ischemia [41], suggesting that the overpro-the roles of lipid peroxidation and cGMP cannot be
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